We studied the effect of disorder on superconducting vortex pinning produced by arrays of artificial pinning sites. The magnetoresistance of samples with pinning configurations varying from a triangular array to an almost random distribution of pinning sites provides a controlled system for such studies. Interestingly even small degrees of order are sufficient to produce enhanced pinning at well-defined magnetic fields. These effects increase with increasing order and evolve toward the expected matching minima for a triangular array. Surprisingly, the position of the first matching minimum decreases with increasing disorder. Furthermore, additional matching minima appear at higher field values which do not coincide with commonly observed triangular pinning lattice matching minima.
I. INTRODUCTION
Vortex pinning in superconductors with artificially produced pinning arrays provide an ideal controllable model system for a periodic system moving in the presence of a periodic potential. Such physical systems appear also in studies of the interaction between epitaxial films, 1 confined charged plasmas, 2 biological ratchets, 3 etc. Moreover a number of new phenomena have been engineered into superconducting systems such as field-driven superconductivity, 4 bistability, 5 ratchet effects, 6 and new Josephson effects. 7 Additionally, this type of pinning may provide the means for enhancing critical current densities for superconducting transmission lines 8, 9 and reducing noise in a variety of superconductivity based devices. 10 Modern nanolithography enables positioning pinning structures at length scales similar to the vortex interaction length in superconductors. This provides the means to manipulate the potential-energy landscape. For instance, square or triangular pinning arrays produce substantial increases in the critical current for magnetic fields corresponding to an integer ratio between the density of vortices and of the pinning sites. 11 This effect is pronounced in transport measurements where the resistance decreases by several orders of magnitude at specific magnetic fields. 12 These are known as the matching minima. Rectangular, 13, 14 kagome, 15 honeycomb, 16 and quasiperiodic arrays such as the Penrose lattice, 17, 18 Fibonacci series, and fractal structures 19 show more complex matching minima structures due to the interplay between the array symmetries and the vortex lattice. These have been extensively studied. 20 The role of disorder and defects in a lattice, although of much importance in condensed-matter physics, has received little attention in this context. The extreme case of intrinsic defects lacking any order has been studied for both high and low T c superconductors. [21] [22] [23] [24] These defects, which act as pinning sites, while causing an increase in the critical current, show no matching minima or commensuration effects. 17 The importance of lattice imperfections was recently demonstrated for a triangular pinning lattice with vacancies. 25, 26 In this case, the lattice symmetry and the density of the lattice sites compete for the commensurate vortex lattice matching minima. There are few additional studies which measure the effects of only a particular type of order, with either shortrange order 27 of several lattice sites or long-range order. [28] [29] [30] Both report the presence of matching minima but do not provide a quantitative comparison with other disordered and ordered lattices. Thus, a comprehensive study where the type and amount of disorder is systematically controlled is needed.
II. EXPERIMENTAL
In this paper we report on matching minima of superconducting vortices in artificial pinning arrays with controlled short-range order. The pinning-site configuration was varied from an ordered triangular lattice to a nearly random array. We find enhanced periodic matching even for the most disordered array. When the disorder increases the matching minima become less pronounced. Interestingly, the centers of the first matching minima shift toward lower fields as a function of increasing disorder.
We use the two-dimensional "car parking" algorithm to generate pinning configurations with controlled degrees of short-range order. 31 The most ordered realization of the algorithm resembles a two-dimensional closed-packed triangular lattice. An order parameter in the algorithm allows control of the short-range order. When this order parameter approaches zero, the configuration tends toward a random one. The minimum distance between pinning sites, D, acts as such an order parameter. To generate the structure the pinning sites are positioned randomly and sequentially in a 67ϫ 67 m 2 area. As the array is generated, the distance between a newly assigned site and its nearest neighbor is measured to determine if it is larger than D. If it is not, the site is erased and a new position assigned to it. This process is continued until all 23 000 pinning sites are assigned so that for all structures the average density is equal to that of a triangular lattice with a lattice constant of 480 nm.
The samples were fabricated on Si substrates using a conventional lift-off technique combined with sputtering. The pinning sites were written in polymethyl methacrylate using standard e-beam lithography. Cobalt dots ͑250 nm diameter and 40 nm thick͒ were prepared using standard ac sputtering and liftoff. To complete the structure, a 100 nm layer of Nb was evaporated on top of the dots, and then photolithographically patterned to a 50ϫ 50 m 2 resistance bridge. Magnetoresistance measurements were conducted in a variable temperature liquid-He flow cryostat with temperature stability better than 1 mK. The resistance was measured using a current source and nanovoltmeter in standard dc polarity reversal mode. 32 Each sample was measured at four different temperatures ranging from T / T c = 0.96 to 0.99. For each temperature several different R vs H curves were obtained with current densities between 0.2-20 kA/ cm 2 . Typically the Nb had a T c of 9.0 K and a transition width of 0.2 K ͓Fig. 1͑a͔͒. T c is defined as the temperature at which the resistance is equal to 90% of the normal resistance.
Five samples ͑see Table I͒ with different degrees of disorder were investigated. For comparison we measured a sample with a regular triangular array and a lattice spacing of 480 nm. The other four have increasing degrees of disorder, generated using D = 370, 335, 280, and 225 nm, all with the same average density as the triangular lattice. D = 370 nm is the most ordered realization the algorithm can produce for this density 33 and for D = 225 nm the Co pinning centers start to overlap. In the micrograph of sample D = 370 nm ͓Fig. 1͑b͔͒ areas with a relatively ordered triangular lattice are evident. On the other hand, the sample D = 280 nm shows no particular order ͓Fig. 1͑c͔͒.
To quantify the degree of disorder in an array, a standard normalized pair-correlation function ͑PCF͒ ͑Ref. 34͒ was used. The range of local order ͑RLO͒ is defined as the distance beyond which the PCF becomes equal to one. 34 The PCFs of all samples are shown in Fig. 2 , and the corresponding RLOs are summarized in Table I . For the most ordered D = 370 nm sample, the PCF oscillates before decaying to unity with an RLO of 1.12 m. This is slightly longer than the third-nearest-neighbor distance of the triangular lattice. The most disordered D = 225 nm sample, has an RLO of 0.41 m, which is less than the first-nearest-neighbor distance for a triangular or square lattice with the same density. TABLE I. Sample parameters: minimum distance used to generate disorder, the corresponding RLO and average position of the first matching minimum in units of B 1 . The RLO of an ordered infinite lattice is infinite ͑Inf͒. The error of the matching minimum's position is the standard deviation from the eight magnetoresistance curves performed for each measurement. 
III. RESULTS AND DISCUSSION
Figures 3͑a͒-3͑d͒ shows the magnetoresistance of samples with different degrees of disorder at currents and temperatures which display the most pronounced matching minima for each sample. The magnetic field was normalized to the first integer matching minimum of the triangular lattice, B 1 = ␤ 0 , where 0 = 20.7 G m 2 is the flux quantum and ␤ is the pinning-site density. 11, 35 Vertical lines at integer matching minima are added as a guide to the eyes. The magnetoresistance minima indicate matching effects between the vortex lattice and the pinning sites. 12 The locations of matching minima are not affected by temperature ͓Figs. 3͑a͒ and 3͑c͔͒ or current ͓Figs. 3͑b͒ and 3͑d͔͒ in any of the samples. The superconducting transition widths of the disordered samples were about double that of the triangular sample. It is therefore difficult to compare the triangular sample to disordered samples at similar values of T / T c 's. The matching minima of the triangle pinning-site lattice are shown in Fig. 3͑a͒ for different temperatures and a current density of 2 kA/ cm 2 . Three matching minima appear at the expected magnetic fields as predicted by the pinning-site density. The magnetoresistance of sample D = 370 nm ͓Fig. 3͑b͔͒ also exhibits a first matching minima as expected from the pinning-site density. However, the high-field features are different from those of the triangular lattice, in spite of the fact that this is the least disordered sample. The second matching minimum is barely observable, not located at an integer multiple of B 1 , and there is no discernible third matching minimum. With increasing disorder ͓Figs. 3͑c͒ and 3͑d͔͒ the matching minima become wider and shallower. However, matching minima appear even for the most disordered sample ͑D = 225 nm͒. To emphasize the less pronounced features we show in Fig. 4͑a͒ representative magnetoresistance curves for each sample, in which the background resistance was subtracted. Matching minima can be resolved for all samples for all degrees of disorder. For example, even sample D = 225 nm ͑most disordered, top light gray curve͒ shows a wide minimum centered around 0.8B 1 .
Surprisingly, with increasing pinning-site disorder the first minimum shifts toward lower fields. Figure 4͑b͒ shows the positions of the first matching minima averaged over eight measurements versus the RLO. The first matching minimum increases in field linearly with the RLO and reaches the value of the triangular lattice ͑dashed line͒ at D = 370 nm. For all disordered samples there are additional magnetoresistance features at higher fields ͓see Fig. 4͑a͔͒ . These appear as smaller peaks and valleys with their position changing from sample to sample, indicating complex sample-specific matching effects. For example, in sample D = 280 nm ͓dark gray curve, second from the top in Fig. 4͑a͔͒ there is one matching minimum at slightly less than B 1 , and two small minima at B / B 1 = 1.6 and 2.5. The first matching minimum is in the vicinity of the expected magnetic field, but the additional features have no relation to other expected matching minima. These features were reproduced at different temperatures and currents, ruling out experimental artifacts.
While measurements of systems without ordered pinning centers do not show matching related minima and enhanced vortex pining, 17 we find that the smallest order in the pinning potential leads to matching minima. This remains true even for the most disordered sample, where the PCF is almost flat and the RLO is shorter than the lattice constant of a triangular array with the same pinning density. Our results indicate that there is critical matching between the vortex lattice and the magnetic dots, and it originates at a local length scale. In other words, there are local pinning-site configurations that repeat with similar parameters ͑of density and symmetry͒ throughout the sample that allow enhanced vortex pinning at particular fields. These configurations have a low number of pinning centers associated with them and are scattered about the sample in random locations and orientations as is consistent with a disordered sample.
This scenario is in agreement with experiments on quasiperiodic Fibonacci pinning arrays and disordered systems. 19, 36 Here too, the local matching yields shallow minima. This is due to the fact that matching occurs in many different locations but only on a small percentage of the sample. Thus, our results indicate that any amount of order shown as a nonunity PCF implies there are areas with local order that enhance the vortex lattice pinning at particular fields. Accordingly, one would expect the matching minima to occur at vortex densities related to the length scale for which the PCF has a maximum. The distance of the PCF maximum decreases with increasing disorder ͑Fig. 2͒. This should result in the matching minima appearing at larger fields for increasingly disordered samples. Surprisingly, our results ͓see Fig. 4͑a͔͒ indicate the opposite. Increasing the disorder leads to smaller fields for the first matching minima. Thus, the ordered structures responsible for matching of the vortex lattice in our films are of lower density and do not relate to the PCF peak. Interestingly, we find a linear correlation of the RLO with the first matching minima positions ͓see Fig. 4͑b͔͒ . A lower RLO means there is less long-range order. The vortex lattice, which energetically prefers longrange order, must deform in order to pin to the pinning sites. This causes the vortices to be in a less stable pinning configuration and more susceptible to flux creep, which may explain why the matching minima become shallow. One can account for the magnetoresistance minima shifting to a lower field in the following way. At all distances shorter than the RLO the pinning sites contain a certain degree of order. The vortex-vortex interaction is repulsive ͑decaying approximately exponentially as a function of R / , 37 where R is the vortex-vortex distance and is the magnetic field penetration depth͒. This means that at lower vortex densities, and therefore larger average vortex-vortex distances, the force on each vortex is smaller, allowing it to relax and pin better to the disordered pinning lattice. Thus, the best vortex lattice pinning ͑the minima in the magnetoresistance͒ will occur at the lowest vortex density for which there still is long-range order, and this is the RLO.
The high-field landscape of the magnetoresistance is very interesting and different from that found in disordered, quasiperiodic, or vacancy potentials. 25 For quasiperiodic potential since only a fraction of the vortices are pinned, at higher fields the elastic energy is large and overcomes the pinning. 19 In triangular lattice with vacancies there were no indications of complex high-field vortex lattice pinning. 25 We find that at higher fields there are additional shallow minima that do not relate to higher order "main" pinning potentials. These features change from sample to sample but are reproducible in each sample for all temperatures and current densities. In this case the combination of partial order in a disordered media may help the vortex lattice pin to complex interstitial vortex configurations, which are related to the specific order-disorder realization.
IV. CONCLUSIONS
In summary, we measured superconducting vortex pinning in a disordered pinning potential with controlled shortrange order generated using the car parking algorithm. Magnetoresistance minima characteristic of matching effects are observed even for the smallest degree of order. This indicates that even very low pinning-site symmetry is sufficient for enhanced pinning of the vortex lattice at specific matching fields. The most ordered potential generated by the car parking algorithm shows a pronounced first matching minimum corresponding to the matching minima of a triangular lattice with the same pinning-site density. Increasing the disorder results in the first matching minimum becoming less pronounced, as may be expected, but also in it shifting to lower fields.
We report on the appearance of additional magnetoresistance features at higher fields. These are reproducible for all temperatures and current densities measured, but vary from sample to sample. We attributed these matching minima to complex interstitial vortex pinning arising from the shortrange order generated by the algorithm.
Further theoretical and numerical analyses are needed to quantitatively understand these phenomena, and we hope that our study will motivate research of vortex dynamics theories in this direction. These must account for the fact that small amounts of order in the pinning sites lead to enhanced pinning at fields lower than the matching fields due to the reduced range of local order.
